OPTICAL REGENERATOR 
Cross-reference to Related Applications 
[0001] This application claims the benefit of priority under 35 U.S.C. § 1 19 of British 
Application number 0214952.4 filed on 28 June 2002. 

Background of the Invention 

Field of the invention 

[0002] This invention is directed to regeneration of optical signals for data 
communications, in particular though not exclusively optical signals comprising optical 
retuni-to-zero (RZ) pulses. It has application to both 2R (re-amplification and re- 
shaping) and 3R (re-amplification, re-shaping and re-timing) regeneration. 
[0003] As the capacity of transmission systems increases in response to the increasing 
demand for communication, the maximum reach of each transmission system is 
diminished. Regenerators are therefore required at regular intervals along a 
transmission link in addition to any regenerators associated with network nodes where 
traffic routing takes place. All-optical wavelength converters with 2R regeneration 
capabilities, that allow operation at speeds beyond the limits of electronic devices, will 
be essential in future wavelength division multiplexed (WDM) networks. In particular, 
of high interest are simple and compact wavelength converters that help to avoid 
wavelength blocking and ease WDM network management. 
Technical Background 

[0004] Figures 1 and 2 illustrate a device and method for performing all-optical 
wavelength conversion and 2R regeneration of multiple data signals comprising a series 
of optical pulses which does not form part of this invention but is helpful in 
understanding it. The DISC-type (delayed interference signal-wavelength converter) 
regenerator shown in Figure 1 comprises a semiconductor optical amplifier 1 for 
modulating a continuous wave input with the data signal, and an interferometer 5 
having a delay 7 in one arm for causing the modulated continuous wave input to 
interfere with a delayed copy thereof to regenerate the data signal. The copy of the 
modulated continuous wave input is delayed by less than one data signal pulse width 
with respect to the modulated continuous wave input, whereby the pulse width of the 
regenerated data signal is similar to the pulse width of the input data signal. By 
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reducing the time delay of the copy of the modulated continuous wave input to less 
than one input optical pulse width, the amplitude of the regenerated data signal is not 
significantly reduced, and the pulse width of the regenerated data signal can be 
maintained at close to that of the input data signal. This enables the regenerator to be 
used in real networks to regenerate broad optical pulses without causing excessive 
additional broadening of the pulses. This means that several such regenerators may be 
used to re-amplify and reshape a signal at regular intervals along a transmission path to 
increase transmission distances between more expensive 3R regenerators. 
[0005] As each optical pulse of a data signal is transmitted through the semiconductor 
optical amplifier 1, the relative phase of the continuous wave input transmitted through 
the amplifier is temporarily altered until the amplifier recovers. Thus, the relative phase 
at the output from the undelayed arm of the interferometer changes progressively 
leading to a progressive increase in the non-inverting output level 9 from the 
interferometer and a corresponding decrease in the inverting output level 1 1 (depending 
on the relative phase delay between the two arms) for the duration of the delay. The 
relative phase at the output from the delayed arm of the interferometer changes 
progressively after the duration of the delay, reducing the non-inverting output level 
from the interferometer until the delayed and undelayed parts cancel each other 
completely. Because the change in phase is progressive, the pulse output by the 
interferometer is wider than the delay time. If consecutive pulses are transmitted at a 
faster rate than the recovery rate of the amplifier, the amplifier will not fully recover 
after each pulse, leading to a reduced phase differential on the modulated continuous 
wave input corresponding to the difference between the presence and absence of a data 
pulse. 

[0006] Optimum operation of a regenerator based on cross-phase modulation in SOAs 
and an interferometer requires the phase differences between the two arms to be such 
that the transmission is at a minimum when a data 'zero' level (no pulse) is received 
and at a maximum when a data 'one 5 level (pulse) is received (or vice versa for 
inverting operation). Therefore, ideally, an input pulse should cause a phase change of 
7r as illustrated in Figure 2. At high bit rates, where the period is less than the recovery 
time, it may not be possible to obtain a full ic phase change. In this case, adjusting the 
phase offset in one arm will allow either the 'zero' level or the 'one' level to be at a 
stationary point of the interferometer transfer characteristic, but not both. Thus, if the 



phase offset is adjusted such that the 'one 5 level is at a stationary point of the 
interferometer transfer characteristic, the non-inverting output levels 9 from the 
interferometer may consistently achieve their maximum output power corresponding to 
the data pulses, while returning to a raised level between consecutive pulses because 
the phase shift induced by the pulses will not have had time to reduce to zero before 
arrival of the next pulse. Such partial switching allows noise on the 'zero' level at the 
input to be transferred to the output of the interferometer. It is therefore clear that data 
signal rates higher than the recovery rate of the amplifier lead to reduced signal to noise 
ratio of the regenerated data signal. There is therefore a need to provide improved 
optical signal regeneration at higher data rates. 

Summary of the invention 
[0007] According to a first aspect of the invention, there is provided a two-stage optical 
regenerator for regenerating a data signal comprising a series of optical pulses. Each 
stage of the optical regenerator comprises a modulator for modulating a reference 
signal with an input signal, and an interferometer for causing the modulated reference 
signal to interfere with another version of the modulated reference signal delayed by 
less than one bit period of the data signal to regenerate the input signal. The input 
signal of the modulator of the first stage of the regenerator comprises the data signal, 
and the input signal of the modulator of the second stage of the regenerator comprises 
the output from the first stage of the regenerator. Relative phase offsets are induced at 
the outputs of the two interferometers of the regenerator to obtain either minimum 
transmission from each of the interferometers by the maximum power levels of the 
respective input signals transmitted therethrough, or maximum transmission from the 
interferometer of the first stage by the maximum power level of the data signal, and 
minimum transmission from the interferometer of the second stage by the minimum 
power level of the output from the first stage of the regenerator. 
[0008] The inventors have found that by adjusting the interferometers of the 
regenerator such that relative phase offsets induced at the outputs of the two 
interferometers provide either minimum transmission from each of the interferometers 
by the maximum power levels of the respective input signals transmitted therethrough, 
or maximum transmission from the interferometer of the first stage by the maximum 
power level of the data signal and minimum transmission from the interferometer of the 
second stage by the minimum power level of the output from the first stage of the 



regenerator, the combined performance of the two stages can be better than that of 
either stage alone. The first stage can be tuned to restore the un-inverted 'ones' by 
adjusting the relative phase offset such that maximum transmission is induced at the 
output of the first stage interferometer when the reference signal is modulated by a 
pulse in the data signal (and so at its maximum power level). In this case, the 'zero' 
level remains sensitive to variations in the input level, such as noise, so that these 
variations are transferred to the output. The second stage can then be tuned to restore 
the 'zeros' by adjusting the relative phase offset such that minimum transmission is 
induced at the output of the second stage interferometer when the reference signal is 
modulated by the absence of a pulse in the data signal (and so at its minimum power 
level). 

[0009] Alternatively, the first stage can be tuned to restore inverted 'ones' by adjusting 
the relative phase offset such that minimum transmission is induced at the output of the 
first stage interferometer when the reference signal is modulated by a pulse in the data 
signal (and so at its maximum power level). In this case, the pulses are inverted by the 
first stage interferometer, and the 'zero' level remains sensitive to variations in the 
input level, such as noise. These variations are transferred to the inverted output of the 
first stage. The second stage can then be tuned to restore the inverted 'zeros' by 
adjusting the relative phase offset such that minimum transmission is induced at the 
output of the second stage interferometer when the reference signal is modulated by the 
absence of a pulse in the data signal (but at its maximum power level since the signal is 
inverted), so reverting the output to RZ. The final output from the two-stage 
regenerator shows reduced variation on both levels. 

[0010] The first stage of the regenerator may comprise a semiconductor optical 
amplifier coupled to a Mach-Zehnder interferometer having a relative delay of less than 
one bit period of the data signal between its arms, the data signal at a first wavelength 
within the gain band of the semiconductor optical amplifier, and the reference signal 
comprising a continuous wave at a second wavelength, also within the gain band of the 
semiconductor optical amplifier, being coupled to the semiconductor optical amplifier. 
[0011] Alternatively, the first stage of the regenerator may comprise a Mach-Zehnder 
interferometer having a first semiconductor optical amplifier in one arm, and a second 
semiconductor optical amplifier in the other arm, the data signal at a first wavelength 
within the gain band of the semiconductor optical amplifiers being coupled to the first 



semiconductor optical amplifier and through a delay of less than one bit period of the 
data signal to the second semiconductor optical amplifier, and the reference signal 
comprising a continuous wave or clock stream at a second wavelength, also within the 
gain band of the semiconductor optical amplifiers, being coupled to both arms of the 
interferometer. 

[0012] In another alternative, the first stage of the regenerator may comprise a 
semiconductor optical amplifier coupled in series to a polarisation-dispersive element 
providing a relative delay of less than one bit period of the data signal between its fast 
and slow axes, a polarisation controller and a polariser, the data signal at a first 
wavelength within the gain band of the semiconductor optical amplifier and the 
reference signal comprising a continuous wave at a second wavelength, also within the 
gain band of the semiconductor optical amplifier, being coupled to the semiconductor 
optical amplifier. 

[0013] The data signal may propagate in the same direction as the reference signal 
through the semiconductor. optical amplifier(s). In this case, a band-pass filter may be 
used to block transmission of the data signal at the first wavelength out of the 
regenerator. 

[0014] Alternatively, the data signal may propagate in the opposite direction to the 
reference signal through the semiconductor optical amplifier(s). 
[0015] The second stage of the regenerator may comprise a semiconductor optical 
amplifier coupled to a Mach-Zehnder interferometer having a relative delay of less than 
one bit period of the data signal between its arms, the regenerated data signal from the 
first stage of the regenerator at the second wavelength lying within the gain band of the 
semiconductor optical amplifier of the second stage, and a reference signal comprising 
a continuous wave at a third wavelength, also within the gain band of the 
semiconductor optical amplifier of the second stage, being coupled to the 
semiconductor optical amplifier of the second stage. 

[0016] Alternatively, the second stage of the regenerator may comprise a Mach- 
Zehnder interferometer having a first semiconductor optical amplifier in one arm, and a 
second semiconductor optical amplifier in the other arm, the regenerated data signal 
from the first stage of the regenerator at the second wavelength lying within the gain 
band of the semiconductor optical amplifiers of the second stage being coupled to the 
first semiconductor optical amplifier of the second stage and through a delay of less 



than one bit period of the data signal to the second semiconductor optical amplifier of 
the second stage, and a reference signal comprising a continuous wave or clock stream 
at a third wavelength, also within the gain band of the semiconductor optical amplifiers 
of the second stage, being coupled to both arms of the interferometer of the second 
stage. 

[0017] In another alternative, the second regenerator may comprise a semiconductor 
optical amplifier coupled in series to a polarisation-dispersive element providing a 
relative delay of less than one bit period of the data signal between its fast and slow 
axes, a polarisation controller and a polariser, the regenerated data signal from the first 
stage of the regenerator at the second wavelength within the gain band of the 
semiconductor optical amplifier of the second stage and a reference signal comprising a 
continuous wave at a third wavelength, also within the gain band of the semiconductor 
optical amplifier of the second stage, being coupled to the semiconductor optical 
amplifier of the second stage. 

[001 8] The data signal regenerated by the first stage of the regenerator may propagate 
in the same direction as the reference signal through the semiconductor optical 
amplifier(s). In this case, a band-pass filter may be used to block transmission of the 
data signal regenerated by the first stage of the regenerator at the third wavelength out 
of the regenerator. 

[0019] Alternatively, the data signal regenerated by the first stage of the regenerator 
may propagate in the opposite direction to the reference signal through the 
semiconductor optical amplifier(s). 

[0020] Optionally, the third wavelength is the same as the first wavelength. In this way, 
the regenerated data signal will be output at the same wavelength as the data signal. 
[0021] According to a second aspect of the invention, there is provided a method of 
regenerating a data signal comprising a series of optical pulses. The method comprises 
two stages, each stage comprising the steps of modulating a reference signal with an 
input signal, and causing the modulated reference signal to interfere with a version of 
the modulated reference signal delayed by less than one bit period of the data signal to 
regenerate the input signal; The input signal of the first stage comprises the data signal, 
and the input signal of the second stage comprises the output from the first stage. 
Relative phase offsets between the modulated reference signals and delayed versions 
thereof are adjusted such that either the outputs from both stages are at minimum power 



levels when the respective input signals are at maximum power levels, or the output 
from the first stage is at a maximum power level when the data signal is at a maximum 
power level, and the output from the second stage is at a minimum power level when 
the output from the first stage is at a minimum power level. 
[0022] Additional features and advantages of the invention will be set forth in the 
detailed description which follows, and in part will be readily apparent to those skilled 
in the art from the description or recognized by practicing the invention as described in 
the written description and claims hereof, as well as the appended drawings. It is to be 
understood that both the foregoing description and the following detailed description 
are merely exemplary of the invention, and are intended to provide an overview or 
framework to understanding the nature and character of the invention as it is claimed. 
[0023] The accompanying drawings are included to provide a further understanding of 
the invention, and are incorporated in and constitute a part of this specification. The 
drawings illustrate one or more embodiments of the invention, and together with the 
description serve to explain the principles and operation of the invention. 

Brief Description of the Drawings 
[0024] Fig. 1 is a schematic diagram of a DISC-type regenerator as described in co- 
pending UK Patent Application No. 0128685.5; 

[0025] Fig. 2 is a curve showing the relationship between output from an 
interferometer against relative phase shift between the two arms; 
[0026] Fig. 3 is a schematic diagram of a two-stage DISC-type regenerator according 
to the invention; 

[0027] Figs. 4a to 4c are eye diagrams showing the input data signal, partially 
regenerated and inverted data signal, and the regenerated data signal respectively from 
the regenerator of fig. 3 ; 

[0028] Fig. 5 is a schematic diagram of an alternative embodiment of a two-stage 
regenerator according to the invention; 

[0029] Figs. 6a and 6b are traces of an input pulse, transfer function and output pulse 
through respective inverting stages of a regenerator according to the invention; 
[0030] Figs. 6c and 6d are traces of an input pulse, transfer function and output pulse 
through respective non-inverting stages of a regenerator according to the invention; and 
[0031] Fig. 7 is a schematic diagram of a second alternative embodiment of a single 
stage of a regenerator according to the invention. 
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Detailed Description of the Preferred Embodiments 
[0032] Fig. 3 shows a first embodiment of a two-stage optical regenerator according to 
the invention. The first and second stages of the regenerator comprise first and second 
DISC-type regenerators respectively, each comprising an SOA 1 followed by a band- 
pass filter 3, 4 and a Mach-Zehnder interferometer 5 with a delay line 7 in one arm. 
Each SOA 1 has an active region consisting of InGaAs quantum wells separated by 
InGaAs barriers (in different proportions) grown on InP. The Mach-Zehnder 
interferometers 5 and delay lines 7 are fabricated as waveguides on a planar substrate in 
a conventional manner. The band-pass filter 3 in the first stage is centred on a 
wavelength of 1547nm with a full width half-maximum pass band of 2nm designed to 
allow transmission of signals at a wavelength X 2 while filtering out signals at a 
wavelength Xi as described below. The band-pass filter 4 in the second stage is centred 
on a wavelength of 1 541nm with a full width half-maximum pass band of 2nm 
designed to allow transmission of signals at a wavelength Xi while filtering out signals 
at a wavelength X2 as described below. The delay lines 7 introduce a delay time of 
6.25ps to the signals passing through them relative to the signals passing through the 
other arms of the respective interferometers. 

[0033] A data signal at a first wavelength Xi is coupled to the SOA 1 of the first stage 
together with a first reference signal comprising a continuous-wave (CW) at a second 
wavelength X2. Each pulse of the data signal modulates the phase of the co-propagating 
reference signal as the data signal and reference signal pass through the SOA 1 of the 
first stage by cross-phase modulation. The band-pass filter 3 prevents further 
transmission of the data signal at wavelength Xi while allowing transmission of the 
phase-modulated reference signal into the Mach-Zehnder interferometer 5. The 
modulated reference signal is thus split along the two arms of the interferometer 5, with 
the signal in one arm experiencing a delay with respect that in the other arm by virtue 
of the delay line 7. The relative phase delay between the arms is adjusted such that 
minimum transmission is obtained from the 'unswitched' output of the interferometer 
when the maximum power level of the data signal (ie a pulse) passes through the first 
stage. Upon recombination, at the output of the Mach-Zehnder interferometer, the two 
versions of the modulated reference signal therefore interfere to generate an inverted 
copy of the data signal from the unswitched output. The inverted copy of the data 
signal is coupled to the SOA 1 of the second stage together with a second co- 



propagating reference signal at the first wavelength Xi. As the signals pass through the 
SOA 1 of the second stage, the inverted data signal modulates the phase of the co- 
propagating reference signal by cross-phase modulation. The band-pass filter 4 of the 
second regenerator prevents further transmission of the inverted data signal at 
wavelength X2 while allowing transmission of the phase-modulated reference signal 
into the second Mach-Zehnder interferometer 5. The modulated reference signal is thus 
split to create two versions of the modulated reference signal travelling along the two 
arms of the interferometer 5, with the version in one arm experiencing a delay with 
respect to that in the other arm by virtue of the delay line 7. The relative phase delay 
between the arms is adjusted such that minimum transmission is obtained from the 
'unswitched' output of the interferometer when the maximum power level of the 
inverted data signal (corresponding to a zero in the data signal) passes through the 
second stage. Upon recombination, at the output of the Mach-Zehnder interferometer, 
the two versions of the modulated reference signal interfere to generate an inverted 
copy of the inverted data signal from the 'unswitched' output. 

[0034] A noisy data signal as shown in fig. 4a at a wavelength Xi of 1541nm, which is 
within the gain band of the SOAs 1, and comprising a series of 40Gbit/s RZ pulses, was 
fed to the SOA 1 of the first stage. The noise manifests itself in fig. 4a in the form of 
variations in the superimposed maxima and minima levels of the signal. A continuous 
wave input at a different wavelength X2 of 1547nm, though also within the gain band of 
the SOAs 1, and having an amplitude of 10m W, was made to co-propagate through the 
SOA 1 of the first stage with the data signal. The partially regenerated and inverted 
data signal output from the first stage at a wavelength of 1 547nm is shown in the eye 
diagram in fig. 4b with the superimposed minima corresponding to the peaks of the 
pulses of the data signal of fig. 4a displaying considerably reduced variation. However, 
the maxima, which correspond to the troughs or zeros between pulses, continue to 
display significant variation. 

[0035] The inverted data signal then passes to the SOA 1 of the second stage. A second 
continuous wave input at wavelength \\ of 1541nm, also within the gain band of the 
SOA 1, and having an amplitude of lOmW, was made to co-propagate through the 
SOA 1 of the second stage with the inverted data signal. The fully regenerated data 
signal output from the second stage at wavelength Xi, comprising an inverted copy of 
the inverted data signal emanating from the 'unswitched' output, is shown in the eye 
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diagram in fig. 4c. Compared against the eye diagram of the original data signal as 
shown in fig. 4a, the regenerated data signal displays considerably reduced variation 
both on the superimposed maxima, which correspond to the peaks of the pulses of the 
data signal, and on the superimposed minima, which correspond to the troughs or zeros 
between pulses. Hence, it can be seen that the two-stage regenerator has increased the 
signal to noise ratio of the regenerated data signal. 

[0036] Optimum operation of a regenerator based on cross-phase modulation in SOAs 
and an interferometer requires the phase differences between the two arms to be such 
that the transmission is at a minimum when a zero level is received and at a maximum 
when a one level is received (or vice versa for inverting operation). Therefore, ideally, 
an input pulse should cause a phase change of x, with minimum and maximum 
transmission occurring at a stationary point of the interferometer transfer characteristic, 
ie where the gradient of the curve of Fig. 2 is zero, 

[0037] At high bit rates, where the period is less than the recovery time, it may not be 
possible to obtain a full t phase change. In this case, adjusting the phase offset in one 
arm will allow either the zero level or the one level to be at a stationary point of the 
interferometer transfer characteristic, but not both. Noise on the level aligned with a 
stationary point will be reduced because of the small slope of the transfer characteristic 
in the region of the stationary point, but the noise on the other level will not. This is 
illustrated in Fig. 6a, which shows the effect of the first stage on a noisy data signal. A 
noisy input pulse p induces 7r/2 phase difference between the arms of the interferometer 
due to the transfer function ti. The phase offset is adjusted to zero at the peak of the 
pulse to obtain minimum transmission through the interferometer, so resulting in 
inverted operation with the peak of pulse p corresponding to the zero level on the 
output curve o. The noise on the input 'one' level (pulse maximum on curve p) is 
reduced at the output o from the first stage because it has been aligned with a stationary 
point on the interferometer transfer characteristic ti. 

[0038] A second stage of regeneration can reduce the noise on the other level and 
produce a true regenerated output with reduced noise on both levels, as shown by Fig. 
6b. The output from the first stage o has noise on the high level, which corresponds to 
the input zero level (from curve p in Fig. 6a). This level is aligned with a null of the 
second stage interferometer transfer characteristic t 2 , so inverting the signal a second 
time and producing an output r with reduced noise on the input 'zero' level. Thus, a 



true regenerated output is produced with reduced noise on both levels. Depending on 
the choice of phase offset, each stage may either invert or not, and either the first stage 
may reduce the noise on the ones and the second do likewise for the zeros or vice versa. 
[0039] Figs. 6c and 6d demonstrate non-inverting operation. A noisy input pulse p' 
induces 7r/2 phase difference between the arms of the interferometer due to the transfer 
function t 3 . The phase offset is adjusted to obtain maximum transmission through the 
interferometer at the peak of the pulse, so resulting in non-inverted operation with the 
peak of pulse p' corresponding to the one level on the output curve o\ The noise on the 
input 'one' level (pulse maximum on curve p') is reduced at the output o' from the first 
stage because it has been aligned with a stationary point on the interferometer transfer 
characteristic 

[0040] The second stage of regeneration as shown by Fig. 6d reduces the noise on the 
other level. The output from the first stage o' has noise on the low level, which 
corresponds to the input zero level (from curve p' in Fig. 6c). This level is aligned with 
a null of the second stage interferometer transfer characteristic t 4 , so producing an 
output r' with reduced noise on the input 'zero' level. Thus, a regenerated output is 
produced with reduced noise on both levels. 

[0041] Fig. 5 shows a second embodiment of an optical regenerator according to the 
invention. The first and second stages of the regenerator comprise first and second 
Mach-Zehnder interferometers respectively, each having a first SOA 15 in one arm, 
and a second SOA 1 1 in the other arm. Each Mach-Zehnder interferometer comprises 
waveguides formed on a planar substrate, with the SO As 1 1 and 15, of similar 
construction to the SOAs 1 described above with reference to fig. 3, also mounted on 
the substrate (hybrid integrated). The unswitched output from the first interferometer is 
coupled to a first band-pass filter 17 designed to allow transmission of signals at a 
wavelength X 2 while filtering out signals at a wavelength \\ . The transmitted signals are 
coupled to the second Mach-Zehnder interferometer, the unswitched output of which is 
coupled to a second band-pass filter 18 designed to allow transmission of signals at a 
wavelength Xi while filtering out signals at a wavelength X2. 
[0042] With this embodiment, a first reference signal comprising a continuous wave 
input at wavelength X2 is coupled to the first interferometer while the data signal at 
wavelength Xi is split into two parts. One part is coupled so as to co-propagate with the 
continuous wave input through the first SOA 15, and the other part passes through a 
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delay line 13 comprising an appropriate length of fibre, which introduces a delay of 
duration 6.25ps, before being similarly coupled to the second SOA 11. Thus, cross- 
phase modulation from a data pulse induces a phase change in the continuous wave 
input passing through the second SOA 6.25ps later than the corresponding phase 
change in the first SOA 15 to generate two versions of the modulated continuous wave 
input, one delayed with respect to the other. 

[0043] Upon recombination, at the output of the first Mach-Zehnder interferometer, the 
two versions of the modulated CW signal interfere to generate a copy of the data signal 
from the 'switched' output of the interferometer, and an inverted copy of the data signal 
from the 'unswitched' output. The output carrying the inverted copy of the data signal 
is coupled to the band pass filter 17, which serves to filter out any signals at the input 
data signal wavelength, leaving just the partially regenerated inverted data signal at the 
CW wavelength. 

[0044] A second reference signal comprising a continuous wave input at wavelength Xi 
is coupled to the second interferometer while the inverted copy of the data signal from 
the first stage of the regenerator at wavelength X 2 is split into two parts. One part is 
coupled so as to co-propagate with the second continuous wave input through the first 
SOA 15, and the other part passes through a delay line 13 comprising an appropriate 
length of fibre, which introduces a delay of duration 6.25ps, before being similarly 
coupled to the second SOA 1 1, Thus, the inverted data signal induces phase changes in 
the continuous wave input passing through the second SOA 6.25ps later than the 
corresponding phase changes in the first SOA 15 by virtue of cross-phase modulation. 
[0045] Upon recombination, at the output of the second Mach-Zehnder interferometer, 
the two versions of the modulated CW signal interfere to generate a copy of the 
inverted data signal at wavelength Xi from the 'switched 5 output of the interferometer, 
and an inverted copy of the inverted data signal again at wavelength Xi from the 
'unswitched' output. The output carrying the inverted copy of the inverted data signal 
is coupled to the second band pass filter 18, which serves to filter out any signals at 
wavelength X2, leaving just the fully regenerated data signal at the second CW 
wavelength Xi , which is also the same wavelength as the original data signal. 
[0046] In the embodiments described above, the data signals and their delayed copies 
propagate in the same direction through the respective SOAs as the reference signals, 
and as they do so they induce a degree of phase modulation in the respective reference 
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signals corresponding to the data stream transmitted by the respective SOA. For error- 
free operation, it is important that the phase of a pulse or discrete segment of the input 
signal is modulated by a single pulse or discrete segment of one of the data streams as it 
propagates through the SOA. In order to achieve this, each pulse or discrete segment of 
the input signal must clear the SOA or part thereof prior to arrival of the next 
pulse/segment of the data stream. This requirement will always be met if the data 
streams and input signals co-propagate through the SOAs, since each pulse/segment of 
the data stream will travel through the SOA at the same speed as a corresponding 
pulse/segment of the input signal If the data streams and input signals counter- 
propagate through an SOA, the length of the SOA sets a severe limitation on the speed 
of the data stream that can be processed without incurring crosstalk from one pulse to 
the next. 

[0047] In the embodiments described above, the first and second stages of the 
regenerators each use the same type of regenerator. However, it will be apparent to 
those skilled in the art of optical regenerator design, that an alternative embodiment 
could comprise one of the DISC-type regenerators used in the embodiment of fig. 3 as 
a first stage and a dual-SOA regenerator as used in the embodiment of fig. 5 as a 
second stage, or vice versa. 

[0048] Alternatively, either or both stages could comprise a variant of the DISC as 
shown in Fig. 7. The variant DISC comprises a single SOA 21 coupled to a first half- 
wave plate 25, a polarisation-dispersive element 23, a second half-wave plate 25, a 
polariser 27 and a band-pass filter 29, all in series. The SOA 21 and band-pass filter 29 
are as described above with reference to fig. 3. The polarisation-dispersive element 23 
comprises a length of polarisation-dispersive fibre having fast and slow axes, and 
serves to split transmitted light into two orthogonally polarised copropagating 
components having the same amplitude and a delay time of 6.25ps between them. The 
relative phase of the two components may be finely adjusted by the application of 
longitudinal strain to the fibre. The half-wave plates 25 are fibre polarisation 
controllers. The first is used to control the proportions of a reference signal launched 
into the fast and slow axes of the polarisation-dispersive fibre 23, and the second sets 
the polarisation states of the two components at the following polariser 27. The 
polariser 27 is a polarising filter with fibre connections for input and output. 
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[0049] The input signal and reference signal are both coupled to the SO A 21. The 
direction of the half-wave plates 25 and the longitudinal strain applied to the 
polarisation-dispersive fibre are initially determined so that, depending on whether 
inverted or non-inverted operation is required, the polariser 27 either blocks the 
interference component when no input signal pulse excites the SOA 21, or transmits the 
interference component when no input signal pulse excites the SOA 21. Each input 
signal pulse modulates the carrier density and hence refractive index of the active 
region of the SOA 21 due to stimulated recombination. Transmission of an input pulse 
therefore gives rise to a transient phase shift for the co-propagating reference signal. 
The phase of the reference signal is thus modulated, and is split (together with the input 
data signal) into two orthogonally polarised copropagating versions or components by 
the polarisation-dispersive element 23, one component propagating along the fast axis 
of the optical pathway and the other component propagating along the slow axis. Upon 
recombination of the two components in the polariser 27, the phase-changed fast 
component changes the phase difference between it and the slow component, raising 
the output from the polariser 27 in the case of non-inverting operation or reducing the 
output from the polariser 27 in the case of inverting operation. The relevant output level 
from the polariser 27 remains until the phase-changed slow component arrives at the 
polariser, at which point the phase recovery of the signal in the fast component is again 
matched by the phase of the signal in the slow component. The band-pass filter 29 
serves to block further transmission of the input signal while allowing transmission of 
signals at the reference signal wavelength X 2 . 

[0050] A two-stage optical regenerator according to the invention may be implemented 
using any combination of regenerator as described above for the first and second 
stages. Provided that relative phase offsets induced at the outputs of the two 
interferometers provide either minimum transmission from each of the interferometers 
by the maximum power levels of the respective input signals transmitted therethrough, 
or maximum transmission from the interferometer of the first stage by the maximum 
power level of the data signal and minimum transmission from the interferometer of the 
second stage by the minimum power level of the output from the first stage of the 
regenerator, the performance of the combined two stage regenerator can be better than 
that of either stage alone. 
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[0051] Although the first and second stages could be interchanged so that the first stage 
restores the 'zeros' and the second stage restores the 'ones 5 , this would lead the second 
stage output to have a poor extinction ratio which would result in a severe penalty in 
receiver sensitivity. 

[0052] The two-stage optical regenerator may be used for 2R regeneration by using a 
reference signal comprising a continuous wave in both stages. Alternatively, a 
regenerator comprising at least one stage as described with reference to fig. 5 may be 
used for 3R regeneration by using a reference signal comprising a clock stream in at 
least one of such stages. In this case, the modulated clock stream should be made to 
interfere with a version thereof delayed by around 0.5 bit periods. 
[0053] It will be apparent to those skilled in the art that the fundamental principles as 
defined by the appended claims may be applied to other regenerator embodiments not 
specifically described herein. Furthermore, it will be clear that various modifications to 
the preferred embodiments of the invention as described herein can be made without 
departing from the spirit or scope of the invention as defined by the appended claims. 



